Polymorphism of the high molecular weight glutenin subunits was studied in 456 accessions of the wild wheat Triticum turgidum var. dicoccoides (2n = 4x = 28; genomes AABB), originating from 21 populations in Israel. A total of 50 different SDS PAGE migration patterns were observed, resulting from the combinations of 15 subunit patterns of the A genome and 24 subunit patterns of the B genome. Most migration patterns consisted of five subunits, varying between three and six. The migration patterns of the A genome had zero to three subunits-two being most common. The apparent molecular weights (MWs) of the slowest migrating subunit (114,000 to 103,500) and of the next in rate of migration (106,000 to 96,000) were highly correlated (r =0.97). Also, both subunits were either present (in most accessions) or absent. In 82.3 per cent of the accessions, the third subunit (MW 76,000 to 71,500) was absent, while in 16.9 per cent of the accessions all three subunits of the A genome were absent. The migration patterns of the B genome had one to three subunits-three being most common. The slowest migrating subunit (99,500 to 93,000) was present in almost all cases (993 per cent). The MWs of the next two subunits (90,500 to 82,000 and 86,000 to 78,000, respectively) were highly correlated (r = 0.95). Also, either both subunits were present, as in most cases (94
INTRODUCTION
The glutenin fraction of the wheat kernel is comprised of aggregates of high molecular weight (HMW) protein subunits, cross-linked by disulfide bonds. This fraction represents 10-40 per cent of the total endosperm storage proteins and plays an important role in the visco-elastic properties of the flour dough (for a review see Kasarda et a!., 1976) . In any of the wheat lines a total of about 15 glutenin subunits were identified varying in molecular weight (MW) from 11,000 to 136,000 (Bietz and Wall, 1972; . Among the HMW glutenins (MW above 70,000), specific subunits were related to baking quality Payne et a!., 1981a) .
The HMW glutenins are controlled by the long arms of homoeologous-group-1 chromosomes, as revealed by sodium-dodecyl-sulphate, polyacrylamide-gel electrophoresis (SDS PAGE) of various aneuploids and intervarietal substitution lines of the common wheat cultivar Chinese Spring (CS) (Bietz et a!. 1975; Payne et a!. 1982; Galili and Feldman, 1983 a, b) . The genes encoding for these subunits occur on each of the arms 1BL, 1DL and IAL in what has been termed a complex locus (Payne et a!., 1982) or a gene cluster (Galili and Feldman, 1983a) -each controlling up to three HMW glutenin subunits. Thus far, the variation in these subunits was described mainly in bread wheat (Payne and Lawrence, 1983; Galili and Feldman, 1983b) . It was found that these genes are multiallelic, coding for subunits that vary considerably in their MW (Payne and Lawrence, 1983; Galili and Feldman, 1983b) .
In this work the polymorphism of the HMW glutenins, with respect to the allelic variation of the homoeologous genes on IAL and IBL, was studied in a wide range of accessions of the wild tetraploid wheat Triticum turgidum var. dicoccoides, (2n = 4x = 28; genomes AABB), the immediate progenitor of most cultivated wheats. This polymorphism was compared to that found in cultivated ines.
MATERIALS AND METHODS

Plant material
Plants of var. dicoccoides were collected in 1983, 1984 and 1985 from 21 populations representing various habitats in Israel. These habitats range from the Judean mountains in the south to Mount Hermon in the north, and vary sharply in climate, often over short distances: dry (350 mm annual rainfall) to rainy habitats (1300mm); low altitudes (200 m below sea level) to relatively high elevations (1500m above sea level); and hot vs. cold temperatures. Var. dicoccoides is restricted to two soil types, basalt and terra rossa. About 20 plants were randomly collected from each population; in total, 456 accessions were studied in this work.
In addition, two durum cultivars, Ld222
(obtained from the University of North Dakota) and Inbar (an Israeli commercial variety), the amphiploid var. dicoccoides-Ae. squarrosa (xx3 40) and the nullisomic 1D-tetrasomic lB line of the common wheat cultivar Chinese Spring (CS) were also used.
Extraction and fractionation of HMW g/utenins Following Galili and Feldman (1983a) , endosperm protein subunits were extracted from mature kernels that were collected from the wild, using 8 mM Al-lactate, followed by sample buffer solution (consisting of 10 per cent glycerol, 3 per cent SDS, 5 per cent 2-mercaptoethanol and 66 mM Tris-HC1, pH 6.8). Fractionation was carried out in SDS PAGE of 7-12 per cent acrylamide gradients. The samples were run on 13 cm long gels for 4 h at a constant voltage of 150 volts.
Estimation of molecular weight
The molecular weight (MW) of various HMW glutenin subunits was estimated by comparison to the following protein markers (Pharmacia) with the indicated MW: phosphorylase-B (94,000), bovine serum albumin (67,000), ovalbumin (43, 000) and carbonic anhydrase (30,000). Samples of the cv. CS were run in each gel for comparison; the MWs of its HMW glutenins were previously described (Galili and Feldman, 1983a) . The highresolution, one-dimensional SDS PAGE enabled us to distinguish differences in apparent MW as low as 500. Such differences were confirmed by several gel runs.
RESULTS
Assignment of subunits to genomes and to chromosome arms
The SDS PAGE migration pattern of total endosperm proteins of one accession of var. dicoccoides is shown in fig. 1 . In this accession, six HMW glutenin subunits are present, each belongs to a particular subunit group. The designation of subunits lBx and iBy follows that of Payne et al. (1981b) . Subunit iBy' is equivalent to lBz of Holt et al. (1981) and to subunits encoded by the presumed Glt-B3 gene (Galili and Feldman, 1983b) . The designation lAx and lAy follows that of ; the basis for designating the lAx' group is discussed later. Since previous assignment of subunits to genomes was carried out in hexaploid wheat, several crosses were done to ascertain this assignment on the tetraploid level. Using durum substitution lines nullisomic IB-disomic 1D (N1BDID) Orth and Bushuk (1974) showed data indicating that the HMW glutenin genes of the durum cv. IBy and iBy' had the same range of MW as described for the HMW glutenins of 1BL in common wheat (Galili and Feldman, 1983b, 1985a) , while subunits lAx, lAx' and lAy had the same range of MW as described in common wheat for the A genome (Galili and Feldman, 1983b, 1985 a) and as described in the diploid donor of the A genome (Galili and Feldman, 1983c) . The various migration patterns of HMW glutenins controlled by the A genome were arranged in an ascending order of MW of subunits of the lAx group ( fig. 5 ). Twelve different subunits were found in this subunit group, ranging in MW from 114,000 to 103,500; 9 subunits were found in the group lAx', ranging in MW from 106,000 to 96,000; and 3 subunits were found in group lAy', ranging from 76,000 to 71,500. These subunits formed 15 different band patterns, A1 to A15. In most patterns, subunit group lAy was absent, and the pattern lacking altogether the three subunit e f g h i i ki Invariably, subunits of groups lAx and lAx' segregated together. The correlation between the MWs of these subunits was almost complete (r=0.97), and highly significant {p(r)<0.001}: invariably, the slowly-migrating subunit of lAx appeared with the slowly-migrating subunit of 1 Ax', and similarly, the rapidly-migrating subunits of these groups always co-appeared. The differences between their MWs varied from 6000 to 8000. Invariably, subunits of group lAx formed a wide band, while subunits of lAx' were faint. The variation in MW of subunits of group lAy was not related to that of subunits of lAx or lAx'. The migration patterns of subunits controlled by the B genome were arranged in an ascending order of MWs of subunit of the iBy group ( fig. 6 ). Eight different subunits were found in group lBx, ranging in MW from 99,500 to 93,000; 10 subunits were found in group iBy, ranging from 90,500 to 82,000 and 12 subunits were found in group iBy', ranging in MW from 86,000 to 78,000. These subunits formed 24 different band patterns, B1 to B24.
Patterns having fewer than 3 subunits were infrequent (see table 1 ). However, when inactivation occurred, it affected either both iBy and iBy' (patterns B1 to B5) or lBx alone (pattern B17), but not the three subunits together. Similarly to the correlation between lAx and lAx' there was a high positive correlation between the MWs of subunits of groups iBy and iBy' {r=095; p(r)<0001} and the difference between the MWs of subunits iBy and lBy' varied from 4000 to 8000; the correlations between the MWs of subunits of the lBx group and subunits of iBy and iBy' was low and nonsignificant (r=011 and 001, respectively).
Invariably, subunits of group iBy formed a wide band, while those of iBy' were narrow and faint.
The number of band patterns of genome B (24) was much lower than that expected from a random associaton between alleles of lBx and iBy.
Similarly, the number of patterns of genome A (15) was lower than expected from a random association between lAx and lAy, though this is somewhat confounded by the lack of expression of lAy in most patterns. These findings are in accord with the genetic linkage between the x and y genes of each chromosome.
The frequencies of the various patterns of the A and B genomes, expressed as percentage of the 456 accessions studied, are presented in table 1. dicoccoides.
This table also shows the frequency of combinations between the patterns of the A and B genomes.
A total of 50 different migration patterns were found, resulting from combinations of subunits of the A and B genomes. Some patterns, like A10 or B15, occurred in a high frequency and participated in many combinations, while others, like A4, A15, B1, B5 and B24, were found in only one population.
DISCUSSION
The number and chromosomal allocation of the HMW glutenin genes
The HMW glutenin genes of var. dicoccoides coding for subunits lBx, iBy and iBy' were found to be located on the long arm of chromosome 1B, at an allelic locus to that of 1BL of common wheat and to that of the durum cultivar Ld222. The genes coding for subunits lAx, lAx' and lAy segregated in all crosses independently of lBx, iBy and iBy' and were therefore assigned to the homoeologous arm 1AL. This chromosomal assignment is further supported by the range of MW of these subunits, as found in hexaploid and diploid wheats (Galili and Feldman, 1983b, c (Galili and Feldman, 1985b) , and the patterns of subunit combinations (Galili and Feldman, 1983b) indicated that subunits lBx and iBy in common wheat are encoded by two different genes. The presented data support this conclusion on the tetraploid level: In several patterns ( fig. 6 , B1 to B5), lBx was expressed while iBy was absent, and in one pattern ( fig. 6, B17 ) iBy was expressed while lBx was absent. This conclusion is also supported by the occurrence of "recombinant" patterns (compare patterns B54 and B16 to B13 and B19 in fig. 6 ).
Subunit group iBy' was discovered by Holt et a!. (1981), using two-dimensional fractionation, and was designated lBz. Galili and Feldman (1983b) referred to it as the product of a presumed third gene Glt-B3. Being a faint band, which in hexaploid wheat often comigrates with subunits of genome D, it was somewhat ignored in cultivated wheats compared to lBx and iBy. Subunit groups iBy and iBy' show a great similarity, as inferred from their associated mobility in two-dimensional gels (Holt et al., 1981) and from their amino acid composition and patterns of protease digests (Galili and Feldman, 1985b) . It was suggested (Holt et a!., 1981) , that these subunits are either products of the same gene, or alternatively, products of a recent duplication of an ancestral gene.
The lack of genome D in var. dicoccoides enabled us to study IBy' on a much wider scale than previously studied in common wheat, even in one-dimensional gels. Our data strongly indicate that subunit groups iBy and iBy' are controlled by a single gene: in all patterns, the two subunits were either present or absent; inactivation, which is a common phenomenon in HMW glutenins, never affected only one of these subunit groups.
These subunit groups also showed a strong correlation in MW; were they encoded by two different genes, their allelic variations should not have been related.
That one gene produces two polypeptides could be accounted for by various molecular mechanisms. The iBy gene may carry two codons of initiation, or of termination, either for transcription or translation. The phenomenon could also result from differential splicing of introns in the mRNA of the gene controlling iBy, as reported for other genes (Rozek and Davidson, 1986 ). Yet, recently an alpha gliadin gene was shown not to include introns (Anderson et a!., 1984) , and isolated HMW glutenin genes were shown to be devoid of introns (Forde et a!., 1985; Thompson eta!., 1985; Sugiyama et a!., 1985) . iBy' might also result from an in vivo, or an in vitro (during the extraction process) proteolytic digestion of the iBy subunit, as was found in wheat-leaf-protein sub- The HMW glutenins encoded by the A genome have been studied to a much lesser extent, their genes not being usually expressed in cultivated wheats (Galili and Feldman, 1983c; Forde et a!., 1985) . It may therefore be assumed that in patterns lacking subunits lAx, lAx' and lAy the genes coding for them were present but inactive. The lAx subunit group was observed in a small number of hexaploid cultivars (Galili and Feldman, 1983b; Payne and Lawrence, 1983) . The lAy subunit was found in the diploid T monococcum (genome AA) and in var. dicoccoides (Galili and Feldman, 1983c) . It is shown in this work ( fig. 5 ) in patterns A5, A6, A7 and A13.
The subunit group lAx' (fig. 5) was reported by Galili and Feldman (1983b) in two band patterns of genome A of hexaploid wheat, and the gene coding it was designated Glt-A2. In our view, following the same reasoning previously presented for the genetic control of subunits groups of the B genome, lAx' and lAx are probably products of the same gene. Similarly to iBy and iBy', subunits of these groups were correlated in their MWs and both were either expressed or silenced.
It is assumed that in patterns in which lAy subunit was not expressed, the gene coding for it was present but inactive, as found in cultivated wheats (Thompson eta!., 1985; Forde et a!., 1985) . Thus, the number of different HMW glutenin genes in each genome seems to be only two-one coding for the x and the other for the y group. The origin of the lAx' and iBy' subgroups should be further investigated.
Nomenclature
A nomenclature for genes that code for the HMW glutenin subunits was proposed by Payne et a!. (1982) and Galili and Feldman (1983b) . Payne et a!. (1982) designated the gene complex loci in hexaploid wheat Glu-A1, G!u-B1 and Glu-D1; the alleles at each locus, i.e., the different subunit patterns, each referring to a stock of standard cultivars, were named by the gene cluster designation followed by Latin letters: G!u-Bla, G!u-Blb, etc. (Payne and Lawrence, 1983) . These authors, however, did not refer to the genes within a cluster. Galili and Feldman (1983b) assumed three genes within each gene cluster of the A and B genomes, designating them by their gene-cluster symbol (Git-A or Glt-B) followed by an Arabic number: GitAl, G!t-A2, G!t-A3 and Glt-B1, G!t-B2 and Git-B3, respectively. This nomenclature, in conflict with the evidence brought above, indicates three genes in each gene cluster and erroneously implies homoeology between subunits of Glt-A2 and G!t-B2. In light of the above, we propose the following nomenclature for tetraploid wheat: Payne's designation of gene clusters, being commonly used, should be accepted, namely, Glu-Al and Glu-B1. The genes within a cluster should be named by the gene cluster designation followed by Arabic numbers: Glu-A1-l, Glu-Al-2, Glu-B1-1 and Glu-Bl-2; these genes encode, respectively, for subunit groups lAx, lAy, lBx and iBy. Component gene alleles would be designated by lower case Roman letters, i.e., the 12 alleles of Glu-Al-1 are Glu-A1-la through 1; the 3 alleles of Glu-Al-2 are Glu-A 1 -2a through c; the 8 alleles of Glu-B 1-1 are Glu-Bl-la through h; and the 10 alleles of G!u-B1-2 are G!u-Bl-2a through j. A complete list of these alleles, including their MWs, the accessions in which they were first found and their cross reference to the known alleles of durum and common wheat is in preparation. Further poly-morphism may be detected among alleles encoding subunits of the same MW, based on protein charge, hydrophobicity or sequencing, or at the DNA level, based on restriction sites, or sequencing. However, variation in MW is the simplest evidence for allelic variation. Such alleles may be termed "MW alleles". It should be considered whether patterns (e.g. fig. 4 , B10 and B11) or alleles that differ only in the Ax' or the By' subunit (e.g., fig. 4 subunits By and By' in patterns B17, B18 and B19) should be designated differently.
Polymorphism
Although Israel is a center of variation of var.
dicoccoides (Feldman, 1977) , the variability in the HMW glutenins described in this work might reflect only a small fraction of that present in the whole geographical distribution of this species. The polymorphism of the HMW glutenins, as of Obviously, a drastic inactivation of genes reduces the potential for polymorphism. Indeed, GIu-A1-2, which is strongly inactivated, being expressed in 18 per cent of the accessions, has only three alleles. However, a positive relationship was observed between the degree of inactivation and polymorphism: Glu-A1 -1 had 12 alleles, Glu-B 1-2 had 10 alleles, and Glu-B1-1 had 8 alleles, while as seen in table 1, the degree of inactivation was, respectively, 169 per cent (see pattern A1 in fig.   5 ), 5.6 per cent (see patterns B1 to B5 in fig. 6 ) and 07 per cent (see pattern B17 in fig. 6 ). It may be that storage protein genes which show a tendency for inactivation are under a weaker selection pressure and thus exhibit a higher allelic variation. Inactivation via point mutations can generally occur in high frequency in storage protein genes in view of their high content of glutamine codons (CAA and CAG) that may easily shift to stop codons (TAA and TAG) (Heidecker and Messing, 1986) . As discussed by Galili and Feldman (1983c) , gene inactivation affected mainly the HMW glutenin genes of the A genome. In cultivated wheats, the number of active HMW glutenin genes for genome A varies from 0 to 1, being mostly 0, while in var. dicoccoides ( fig. 3) , it varies from 0 to 2, being in most cases one (Glu-A1-1). Both in cultivated wheats and in var. dicoccoides the number of active HMW glutenin genes of genome B varies from 1 to 2, being in most cases two.
The number of alleles of each active gene was higher in var. dicoccoides than in cultivated wheats:
We found in the wild wheat 12 alleles for GIu-A1 -1, 3forGlu-A1-2,8forGlu-B1-1,andl0forGlu-B1-2, versus 3, 0, 5 and 5 alleles, respectively, in cultivated wheats (Galili and Feldman, 1983b (Galili and Feldman, 1983b) . This strong decrease in polymorphism following cultivation is a result of selection for types that underwent gene inactivation. For genome B, 24 band patterns were found in var. dicoccoides versus 15 described in cultivated wheats (Galili and Feldman, 1983b) . In genome B, the total number of possible combinations between the alleles of Glu-B1-1 and those of Glu-B1-2 is 8 x 10 = 8Oin var. dicoccoides, and 5 x 5 =25 in cultivated wheats. Twenty-four band patterns were found in var. dicoccoides out of the possible 80, whereas in cultivated wheats, 15 out of the possible 25 patterns were reported (Galili and Feldman 1983b) . Thus, the frequency of combined patterns is lower in the wild (24: 80) than in cultivated material (15:25), suggesting that more recombinations occurred in cultivated germplasm than in natural populations. Hence, the higher polymorphism at the level of the Glu-B1 gene cluster in var. dicoccoides results from the higher number of alleles per locus rather than from recombination of the various alleles of the two genes.
Ultimately, the polymorphism of HMW glutenins is expressed by combinations of patterns of different genomes. We found 50 different patterns resulting from combinations between band patterns of both genomes; their nature and frequencies are shown in table 1. The higher number of active genes in the A genome of var. dicoccoides, as compared to cultivated wheats, provided in the former a higher potential for combinations between the Glu-A1 and Glu-B1 patterns.
It should be noted that all band patterns described in cultivated wheats (Galili and Feldman, 1983b ) are present in var. dicoccoides, while many band patterns that are present in var. dicoc-coides (especially of the A genome) are not found in the cultivated germplasm. This genetic erosion might have come about due to modern breeding practices, as suggested by Feldman and Sears (1981) . It was also exemplified by Branlard and Le Blanc (1985) , who showed a strong decrease in polymorphism of HMW glutenins in French durum and aestivum cultivars during the last 30 years. The number of alleles per HMW glutenin gene reported in this work is much higher than that reported for other genes of wild wheat. Allelic variation was studied in var. dicoccoides for genes encoding enzymes (Nevo et al., 1982) : Fifteen loci out of the 50 studied were monomorphic and in the 35 polymorphic loci the number of alleles per locus was usually two; only esterases were more polymorphic, with up to six alleles per locus. These two types of genes, i.e., genes coding for storage proteins and those coding for enzymes, also exhibit striking differences in regard to genetic inactivation. Whereas HMW glutenin genes became mac-. tive in a relatively high frequency (Galili and Feldman, 1983c; Galili et a!., 1987) , there were only rare cases of silencing of enzyme genes of either of the two genomes (Hart 1983) . Thus, enzyme genes, which were rarely inactivated, showed a small degree of polymorphism. This is consistent with the previously mentioned positive relationship between the frequency of inactivation and polymorphism in the HMW glutenin genes. The wide polymorphism described here, particularly subunits that are unique to wild wheats, should be evaluated for their effect on nutritional as well as technological qualities. It has been previously suggested to widen the range of variatioii of HMW glutenins in cultivated wheats by exploiting the alien species Aegilops umbellulata and Ae. speltoides (Moonen and Zeven, 1985) . Yet this approach is difficult because of the reduced homology between the wheat and alien chromosomes. On the other hand, chromosomes of var. dicoccoides show regular pairing with those of cultivated tetraploid wheat (var. durum) and with those of genomes A and B of hexaploid wheat (T. aestivum). Therefore, each HMW glutenin subunit of var. dicoccoides can be easily transferred and studied in a cultivated background.
